In the case of neutrons the refractive index is slightly less than unity for most elements and their isotopes [1] . Consequently, thermal and cold neutrons can be reflected from smooth surfaces at grazing-incidence angles. Hence, the optical technologies developed for x-ray astronomy can be applied for neutron focusing. The focusing capabilities of grazing incidence neutron imaging optics have been successfully demonstrated using nickel mirrors. The mirrors were fabricated using an electroformed nickel replication process at Marshall Space Flight Center. Results of the neutron optics experiments and current status of the multilayer coating replication technique development are presented.
INTRODUCTION
Because of their wave nature, thermal and cold neutrons can be reflected from smooth surfaces at grazing incidence angles, be reflected by multilayer coatings or be refracted at boundaries of different materials. The optical properties of materials are characterized by their refractive indices which are slightly less than unity for most elements and their isotopes in the case of cold and thermal neutrons as well as for x-rays. Both refractive and reflective optical techniques developed for x-ray applications can be applied to focus neutron beams [2, 3] . The refractive index depends on the square of the neutron wavelength so that refractive optics is strongly chromatic and tight focusing can only be achieved with monochromatic neutron beams.
Typically neutron sources have lower brilliance compared to conventional x-ray sources. In order to increase the beam throughput the grazing incidence neutron optics has to be nested. Because of that the replicated optics techniques developed for x-ray astronomy applications would be perfect match for neutron applications. Moreover, pure nickel is the material with one of the highest critical angles for neutrons, so the electroform nickel optics under development at the Marshal Space Flight Center (MSFC) can be applied to focus neutron beams [4, 5] . *MikhailV.Gubarev@nasa.gov; Phone: 1 256 544-7816; FAX 1 256 544-2659 and optical axes coincide with OZ axis. The distance f s is between the source and intersection of the mirrors. The radius r i at intersection and the length of each mirror are input parameters. The distance between the intersection and the image is f i , while 1 and 2 are the angles between incident and reflected rays and the optical axis OZ. (b) Schematic drawing of a cross-section of the mirrors (and rays) near intersection. The mirrors are shown in bold, the arrows are the rays and the dashed line is the optical axis. The angles 1 and 2 are between the rays and the optical axis, is between the rays and the mirrors, and E and H are between the tangent of the mirrors at the intersection point and the optical axis.
The technique is used to produce the test mirror is the electroformed nickel replication (ENR) process, which we have been developing at MSFC for hard-x-ray astronomy. In this technique, pure nickel or nickel-alloy mirror shells are electroformed onto a figured and superpolished nickel-plated aluminum cylindrical mandrel from which they are later released by differential thermal contraction. The resulting cylindrical mirror has a monolithic structure that contains two segments in accordance with chosen Walter geometry. The cylindrical mirrors with different diameters, but the same focal length, can be nested together to increase the system throughput. The feasibility of neutron focusing with electroform replicated nickel optics using the double-reflection Walter grazing-incidence geometry the electroform nickel optics has been demonstrated at the National Institute of Standards and Technology's Center for Neutron Research [6] . Based on this success the program to develop neutron optics using the technologies built up for the x-ray astronomy has been established. We present here a status report on electroform nickel replicated neutron optics development. 
System of four nested neutron shell mirrors
The optical scheme most widely used for x-ray astronomy is a Wolter-1 telescope geometry whereby two consecutive reflections from parabolic and hyperbolic surfaces are used to focus parallel x-ray beam into focus spot. The ellipsoidhyperboloid microscope scheme is more appropriate for the neutron focusing because of finite distances available between a typical neutron source and the spot where the neutron beam needs to be focused. The microscope scheme is shown in figure 1 . The optical system of the microscope is defined by the radius at the intersection of two mirrors r i , the distance from the source focal plane to the intersection f s , grazing angles at the intersection 1 and 2 , and the length of the mirrors L E and L H . The conditions for the angles on Figure 1 (b) are as follows:
The ellipsoid and hyperboloid are defined respectively by the equations:
Here z is the coordinate along the optical (beam propagation) axis, x and y are perpendicular to z, and r 2 = x 2 + y 2 . The parameters a and b denote the semi-major and semi-minor axes of the ellipsoid and hyperboloid, while z 0 denotes the location of their centers given by
Where E c and H c correspond to half the distance between the foci of each of the segments given by
A system of four nested ellipsoidhyperboloid pure nickel shell mirrors was made using existing mandrels developed for the x-ray microscope system [7] . From measurements of the mandrel surface using the interferometric microscope the microroughness of the mirror surface is estimated to be less than 5 Å rms. The cut-off wavelength for this optic is 4.6 and 1.4 Å for neutrons and x-rays, respectively. Photograph of the system is shown in figure 2 . The optical parameters for each of the four shell mirrors are listed in Table 1 . Each row in Table 1 corresponds to one of the four nested mirror pairs. The diameter of each mirror is such that it does not project a shadow onto a larger mirror. The designed magnification of the microscope is 1/4. The focal distances are: f i = 640 mm, f s = 2560 mm. Hyperbolic and elliptical shapes are given by equations (1) -(5). An evaluation of the x-ray performance of the neutron mirror system was carried out at the MSFC. The x-ray source with tungsten anode was used. The size of the x-ray source spot is less than 10 micron FWHM. For the test at the magnified configuration the source was placed at 640 mm away from the optics intersection. A pinholecollimated x-ray detector is located at the other focal position. The diameter of the mirror focal spot for wavelengths above 1.4 Å, calculated from flux measurements within different pinhole diameters, was found to be 1.480 ± 0.025 mm HPD and 0.390 ± 0.025mm FWHM. In the reverse configuration the x-ray source was placed 2560mm away from the mirror intersection and the x-ray detector with 50 micron diameter pinhole was placed at the other focal position. The diameter of the mirror focal spot for wavelengths above 1.4 Å, calculated from lateral detector scan data, was found to be 0.380 ± 0.025 mm HPD and 0.130 ± 0.025mm FWHM.
NEUTRON FOCUSING

Neutron test at the MIT beamline
The system of four nested nickel mirrors was tested using a polychromatic neutron beam at the MIT Nuclear Reactor [8] . Figure 3 shows the photograph of the mirrors installed at the beam-line. A 2.09 mm diameter cadmium pinhole was used to collimate the neutron beam. The optics was placed at 2560 mm from the pinhole. A standard neutronsensitive scintillator screen (Li-doped ZnS) was placed at other focal point. The light output from the screen is detected by a CCD (Andor Luca EMCCD). The spatial resolution of the detector was calibrated by imaging a 1.2 mm pinhole in a Gd foil. By fitting the neutron spot obtained at the detector with a Gaussian, the focal spot size was found to be 0.74 ± 0.09 mm HPD The image of the focal spot together with spot profile is shown in figure 4.
X-ray evaluation
Neutron Reflectivity, lambda = 2.35 A 
Imaging Experiment at High Flux Isotope Reactor (HFIR)
The imaging properties of the neutron mirror system has been tested at the instrument development beamline at HFIR (CG1-D) at Oak Ridge National Laboratory [9] . A neutron scatterer was placed in the neutron beam to produce a divergent neutron source. A Gd test object [10] was placed after the scatterer. The schematic of the object is shown in Figure 5 The grid lines band seen at the bottom of the Figure 5 has 30 line groups each with 4 periods ranging from 4 mm down to 0.04 mm. The nested mirror microscope was focused and the imaging neutron detector was placed at the other focus of the neutron microscope, so the magnified image of a portion of the grid line test sample can be recorded. An example of the single recorded image is shown in figure 6 . The test object was translated by 3 mm and then 20 images were collected. The analysis of the images has shown the microscope is capable to resolve the period of 0.290 mm or single lines of 145 micron wide. To the best of our knowledge this is the first experimental demonstration of neutron imaging using a full-shell grazing incidence microscope.
Neutron multilayers
In order to increase the critical angle beyond that of Ni, one uses multilayer coatings, called neutron supermirrors [11] . The critical angle of supermirrors m is measured relative to that of Ni, c(supermirror)=m c(Ni)..Standard supermirror coatings are made of Ni/Ti multilayers, since the difference between the refractive indexes of Ni and Ti is one of the largest possible between two elements. The exact thicknesses of the layers can be calculated according to various algorithms. [12, 13] Tens of layers are required to make m = 2 supermirrors, while hundreds of layers are needed for m = 3. Such supermirrors are used widely in neutron guides, which transport neutrons from sources to samples by total external reflection. Commercial supermirror coatings, which are made on flat Si or metal substrates are not suitable for the electroform nickel optics. Therefore, the technique of direct replication of the multilayer coatings is needed. suitable for coating onto the inside surface of the axisymmetric mirrors. In this mandrels will be coated with the multilayer, followed by the Ni shell. The shell and the multilayer will then be separated from the mandrel to form the replicated neutron mirror.
The Hayter-Mook [12] algorithm was used to define a multilayer recipe for an m=2 NiC/Ti continuously-graded supermirror with a desired reflectivity of 90%. The layer sequence specified by the algorithm contained 19 bilayers with the following layer thickness (z) ranges: 85 Å < z(NiC) < 307 Å, 71 Å < z(Ti) < 121 Å. A 100 Å NiC cap was also added to the top of the film to Figure 9 . Diffuse scattering from two substrates, polished to 2.5 (red) and 10 Å (green). The scattering angle along the horizontal axis is measured from the specular reflection, such that zero corresponds to the specular reflection, and negative direction is towards the surface.
eliminate the reflectivity gap between the critical edge of the substrate and the onset of the supermirror reflectivity [14] . The Ni cap allows the low graze angles to reflect according to the bulk properties of Ni; the reflectivity of the multilayers take over before reaching the cutoff of the bulk Ni, avoiding any dip in the reflectivity response.
The film was grown on a super-polished fused silica (SPFS) substrate using a DC magnetron sputtering chamber with two linear manetrons. The base pressure of the chamber was 2 x 10 -7 Torr; the film was sputtered in Ar at 2.7 mTorr with a target substrate distance of 2.75 inches. After growth, reflectivity data was collected using a 2-circle diffractometer and 8 keV X-rays ( = 1.54 Å). The 8 keV X-rays penetrate the first several bi-layers before being absorbed, so the response is due only to these first several bi-layers, not the complete stack. However, this data can be modeled using the IMD software package [15] to determine the actual layer thicknesses, densities and microroughnesses of the interfaces. The fit is shown in Figure 7 where the measured data is plotted using symbols and the solid line is the model fit to the data. The fit parameters from this model were then used in the SimulReflec software package to model the neutron reflectivity of the multilayer at = 2.35 Å, with a wavelength spread of 2.1%. The plots in Figure 8 show the expected neutron reflectivity using the parameters obtained from the IMD model fit (open circles). The ideal response curve for this multilayer using a microroughness of 5 Å is also plotted (solid line) showing a good fit with the expected data. The experimental evaluation of the neutron reflectivity of the sample is planned in near future.
The reflectivity of multilayers degrades due to imperfections at interfaces between the substrate and metal layers [16] . The imperfections, mostly due to the surface roughness, lead to off-specular or diffuse scattering. Off-specular scattering decreases overall reflectivity and contributes to the background signal. One of the major causes of roughness in multilayers is the substrate roughness, which is replicated from interface to interface. Therefore, we measured neutron diffuse scattering from nickel flat substrates at MAGICS Reflectometer at Spallation Neutron Source at Oak Ridge National Laboratory [17] .
We measured three different Ni substrates, polished to 2.5, 5.8 and 10 Å surface roughness. The degree of roughness was measured by an interference microscope. The results of the neutron reflectivity are shown on Figure 1 . As expected, we found larger diffuse scattering from the substrates polished to 10 Å roughness, as compared to that of 2.5 Å. Note that commercial neutron guides have nominal roughness of 5 Å. Recent computer simulations demonstrated the connection between the substrate roughness and the grain size of Ni crystallites [18] . These results show the existing polishing technique used at the MSFC is sufficient to suppress the size of Ni crystallites, the major contributor to the multilayersubstrate interface roughness.
CONCLUSIONS
The results of the neutron imaging experiments using the system of four nested mirror shells are presented. The mirror shells are fabricated by electroform nickel replication technique developed at the MSFC for x-ray astronomy application. The system utilizes the Wolter ellipsoid-hyperboloid microscope scheme to achieve four-fold magnification. The spatial resolution of the microscope is estimated from the images obtained at the instrument development beamline at HFIR (CG1-D) using gadolinium test mask to be about 145 micron. To the best of our knowledge this is the first demonstration of the neutron grazing incidence microscope.
The development of the direct neutron multilayer replication technique is in progress. Such the technique will allow to fabricate electroform shell mirrors coated with neutron multilayers in order to expand the neutron wavelength range for the electroform nickel optics as well as to increase neutron beam throughput. Samples of the m=2 NiC/Ti neutron multilayer coatings are painted on SPFC substrates. The x-ray reflectivity data from the samples were collected using a 2-circle diffractometer. The neutron reflectivity of the samples estimated using the x-ray reflectivity parameters show the good fit the simulated neutron reflectivity of the samples. The next step for the neutron multilayer replication technique would be to transfer the multilayer coatings onto the superpolished nickel substrates. The quality of the flat nickel substrates fabricated at the MSFC has been evaluated at the MAGICS Reflectometer at Spallation Neutron Source at Oak Ridge National Laboratory. The neutron scattering data obtained show the existing polishing technique used at the MSFC is sufficient to suppress the size of Ni crystallites, the major contributor to the multilayer-substrate interface roughness.
